ABSTRACT: The MQN-mapplet is a Java application giving access to the structure of small molecules in large databases via color-coded maps of their chemical space. These maps are projections from a 42-dimensional property space defined by 42 integer value descriptors called molecular quantum numbers (MQN), which count different categories of atoms, bonds, polar groups, and topological features and categorize molecules by size, rigidity, and polarity. Despite its simplicity, MQN-space is relevant to biological activities. The MQN-mapplet allows localization of any molecule on the color-coded images, visualization of the molecules, and identification of analogs as neighbors on the MQN-map or in the original 42-dimensional MQN-space. No query molecule is necessary to start the exploration, which may be particularly attractive for nonchemists. To our knowledge, this type of interactive exploration tool is unprecedented for very large databases such as PubChem and GDB-13 (almost one billion molecules). The application is freely available for download at www.gdb.unibe.ch.
■ INTRODUCTION
Organic small molecules play an essential role in modern technology in the form of drugs for human and animal diseases, weed and pest control agents for agriculture, and building blocks and additives for polymers. One of the striking features of organic small molecules is their sheer number, which has become particularly impressive in recent years since the implementation of combinatorial and parallel synthesis to support academic and industrial drug discovery. 1−3 The combined corporate, academic, and commercial collections worldwide probably total over 100 million different small molecules. 4−7 Various open access databases collect the structures, properties, and activities of thousands to millions of molecules of medicinal interest, such as DrugBank (>6000 experimental or approved drugs), 8 ChEMBL (>1.1 million compounds with documented bioactivity), 9 PubChem, and Chemspider (>32 million reported molecules). 10 Many more molecules are theoretically possible following basic rules for covalent bonds and functional groups and have been in part enumerated in the chemical universe database GDB-11, which lists 26.4 million molecules up to 11 atoms of C, N, O, and F that are possible following simple rules of chemical stability, 11 and GDB-13, which similarly lists 977 million molecules up to 13 atoms of C, N, O, Cl, and S. 12, 13 The total number of possible drug-like small molecules is probably even much larger and has been estimated to reach 10 60 compounds. 1, 7, 13, 14 Visualizing the content of large databases of molecules represents a particular challenge which can be addressed by a variety of methods. 15−19 The concept of "chemical space" addresses this challenge by defining multidimensional property spaces in which dimensions are assigned to selected numerical descriptors of molecular structure, for example the Lipinski "rule of 5" parameters. 20 Molecules are placed in these property spaces at the coordinates corresponding to their property values, which generates a spatial distribution of compounds, as originally described by Pearlman and Smith. 21 One can then perform principal component analysis (PCA) to project this multidimensional property space in a lower dimensionality space, typically a 2D-or 3D-space which can be visualized. This approach has been used by various groups to compare compound collections such as drugs, screening compounds, and natural products. 22−28 If a property space is well chosen, compounds of similar bioactivity are often grouped together, and the distance between compounds can be used as sorting function for ligand-based virtual screening (LBVS). 17, 29, 30 Herein we report the MQN-mapplet, a Java application that allows to visualize the molecules contained in color-coded twodimensional representations of the property spaces of large databases. The application is exemplified for PCA maps representing projections from the MQN-property space, which is constructed from 42 integer value descriptors calculated from the structural formula 31 called Molecular Quantum Numbers (MQN). 32 The MQN-mapplet provides efficient interactive access to millions of molecules, allowing one to browse through large compound collections in a rapid and intuitive manner. The application is freely available for download at www.gdb.unibe.ch. The paper reviews key features of the MQN descriptors and their PCA maps and describes the basic functionalities of the MQN-mapplet allowing visualization of large databases. Current limitations are also discussed. A more detailed description is available in the HELP page of the application. While similar interactive visualization tools have been reported previously, they lack the use of the intuitive color-coded maps and are limited to displaying datasets of hundreds to a few thousands of molecules only. 33, 34 ■ RESULTS AND DISCUSSION MQN-Space. The 42 MQNs count different categories of atoms, bonds, polar groups, and topological features of molecules and categorize molecules not by substructure, 35 but by their size, rigidity, and polarity ( Table 1 ). The spatial relationship between compounds in MQN-space as measured by the city-block distance CBD MQN allows extremely rapid recovery of nearest neighbors even for very large databases such as PubChem and GDB-13 using a freely available search tool accessible at www.gdb.unibe.ch. 36 Despite its simplicity, CBD MQN is relevant to biological activities, for instance excellent enrichment factors are obtained for recovering from PubChem various active series listed in DUD 37 MQN-Maps. Similarly to other property spaces, MQNspace can be projected into principal component planes for visualization. The MQN-map of the (PC1, PC2)-plane usually covers over 60% of a database variability and thus provides a relevant overview of the database contents. Molecules are usually distributed according to size for PC1 and rigidity/cycles for PC2, while polarity appears strongly in PC3. The MQNdetermination and PCA was carried out with seven different large databases representing the publicly available chemical space. MQN-maps were realized for the (PC1, PC2)-plane, with PC1 as the horizontal axis and PC2 as the vertical axis. For the "PubChem.extended" database, the (PC2,PC3)-plane was used because it allowed a more insightful visualization than the (PC1, PC2)-plane by spreading molecules by rigidity/cycles (PC2) and polarity (PC3), while molecules of increasing size (PC1) appear in concentric circles around the center of the map. 38 In the case of the PubChem.60 and PubChem.extended, a nonlinear distortion of the selected PC-plane was carried out to spread the densely occupied central part of the map and shrink the sparsely occupied outer areas, such as to better spread the molecules over the available pixels.
The database size and pixel-occupancy statistics of the various MQN-maps are listed in Table 2 . The loadings of the first three principal components are shown in Figure 1 , and a selection of color-coded MQN-maps used in the MQNmapplet are shown in Figures 2−4 . Color-coding uses the HSLsystem with the hue (H) coding for the average property value from blue (lowest value) to purple or red (highest value) via the sequence cyan−green−yellow−orange−red (intermediate values). 40 The saturation to gray (S) is used to represent the standard deviation of a property for each pixel, such that no color appears if the value is not well-defined. In the case of the MQN-maps of the GDB databases, the lightness value (L; fading to background color) was used to code the pixel occupancy to de-emphasize the image edges which contain low occupancy pixels that are almost insignificant compared to the more densely populated areas of the GDB maps, a problem that does not occur in the smaller databases. The average value and standard deviation corresponding to each color-coding for each pixel are displayed interactively when using the MQN-mapplet.
MQN-Mapplet Functions and Uses. The MQN-mapplet graphical user interface is written in Java. Molecule display and MQN-calculations are enabled by the JChem Java library from ChemAxon Ltd. The MQN-mapplet is primarily a visualization tool allowing to look at the structural formula of molecules and familiarize oneself with the content of large databases in an efficient manner. Inspecting molecules by their structural formula is meaningful because the structural formula is the most broadly used graphical representation of molecules and the basic tool for teaching and working in organic chemistry; in many contexts, the structural formula "is" the molecule. MQNmaps spread molecules by global features such as the molecule size, the number of cycles, and the number of polar atoms. Similarly to the "Google maps" system for geography, the MQN-mapplet does not require a specific query to initiate the exploration, and is suitable for nonchemists. The various functions and their possible uses for visualization and LBVS are outlined in the following paragraphs.
Browsing MQN-Maps. A view of the mapplet as displayed on screen is shown in Figure 5A , corresponding to the entry display with the MQN-map of DrugBank color-coded by the number of rings per molecule. One first selects one of the seven databases listed in Table 2 using the "DB" pull-down list. For each database various color-coded MQN-maps can be selected from a second pull-down list under "map". When the pointer passes over a pixel of the selected MQN-map, the "Average Molecule" window shows the molecule closest to the average MQN-values in that pixel (the message "molecule is too large to display" appears for molecules larger than 60 heavy atoms to avoid slowing down the browsing). Simultaneously, the average value and standard deviation of the property corresponding to the selected color-code in that pixel are displayed in the "Average" and "Deviation" text fields. One can zoom in/out of the MQN-image using the "zoom+" and "zoom−" buttons or using the mouse wheel, which allows one to see the details of the MQN-map and precisely position the pointer on a pixel of choice. To maintain the overview while zooming one can optionally open the "Map Trace" window, which displays the miniature map with a square indicating the magnified region.
For example, inspecting with the mapplet the MQN-map of DrugBank color-coded by the number of rings (Figure 2 upper right pannel), one can see that the smaller acyclic molecules in DrugBank (central part of the bottom diagonal blue stripe) are mostly amino acids and carboxylic acids, while many lipids appear in the larger acyclic molecules (right portion of the blue stripe). Switching to the "ring atom" color-coding offers further perspectives, for example a few cyan pixels stand out just above the acyclic blue stripe containing molecules with threemembered rings (cyclopropanes, epoxides), which would otherwise be difficult to find. Further switching to the rotatable bond count (rbc) color coding shows that a significant number of molecules in DrugBank are entirely rigid (blue pixels in the rbc map). This map also shows that many molecules in DrugBank have ten or more rotatable bonds (red pixels in rbc map), and the H-bond acceptor atoms (hba) color-coding mode shows that many of these flexible molecules have more than 10 hba (red pixels in hba map). Looking at the structural formula of all these rather "non drug-like" molecules in DrugBank shows that many of them are oligosaccharides and peptides.
Browsing the ChEMBL.50 and PubChem.60 maps with the mapplet shows that the layout and molecule types in these databases are comparable to DrugBank. In PubChem.60, colorcoding by pixel occupancy (Figure 3 , upper left pannel) reveals that molecules are particularly abundant in the fourth diagonal stripe from bottom (red area). Adjusting full zoom to this region and switching between the various color-coded modes shows that this highly populated region of the PubChem.60 map contains molecules with 3 cycles, 16 ring atoms, 6 rotatable bonds, 20 carbons atoms, 4 H-bond acceptor atoms, and 26 heavy atoms. The MQN-mapplet shows that these molecules usually contain two benzene rings, one 5-or 6-membered heterocycle, and one or two carbonyl/sulfonyl groups often part of amides, sulfonamides, or ureas.
PubChem.extended contains the entire PubChem (24.7 million cpds) plus virtual categories: peptides, oligonucleotides, oligosaccharides, diamondoids, graphenes, and acyclic alkanes up to HAC = 500 (0.9 million cpds) as described in an earlier MQN-analysis of PubChem. 38 The map shown in the MQNmapplet is the (PC2, PC3)-plane which offers an alternative view of PubChem spreading molecules by rigidity (horizontal axis) and polarity (vertical axis). Similarly to PubChem.60 however, browsing over PubChem.extended shows that the majority of PubChem molecules contain two aromatic rings and one heterocycle connected by flexible single-bond linkers often including amides and ethers, highlighting a limited structural diversity which is often perceived as a limitation of the known chemical space.
The GDB-11, GDB-13, and GDB-13 subset images are organized similarly to PubChem.extended by rigidity (PC1, horizontal axis) and polarity (PC2, vertical axis) because molecular size does not play a role in these databases. Browsing the GDBs with the MQN-mapplet reveals the absence of the aromatic systems characteristic of PubChem, and an overwhelming abundance of fused heterocyclic amines and ethers including many small ring compounds, which form the bulk of the enumerated chemical space. The direct visualization of these rather unusual molecules will be most inspiring for synthetic chemists in search for new challenges.
Accessing the Entire Database Contents. When the pointer is positioned over a pixel, one can view the entire list of molecules in that pixel using the "Show Bin" option in the "right-click" menu. This function requires an active Internet connection to enable downloading the SMILES list for pixelcontents from the application server. The molecules are sorted Figure 1 for PC loadings.
d The MQN-maps are 1 megapixel except for DrugBank which is 90 000 pixels. by decreasing PC3-value in the case of (PC1,PC2)-maps, and the PC3 value is shown under each molecule. If the pixel contains more than 1000 molecules, a regular sampling of 1000 molecules along the PC3 value is shown. The entire content of each pixel can be downloaded as a list of SMILES using the "save bin" option and viewed separately if desired. This option is necessary for large molecules, in particular in PubChem.extended, because the viewer in the application is unable to display molecules with HAC > 60. An example of accessing the entire contents of a pixel is shown in Figure 5B for the ChEMBL.50 map. In the case of DrugBank, ChEMBL, and PubChem, one can further link from any molecule displayed in the full list to the entry in the original database Web site using the "look in database" when an active Internet connection is available ( Figure 5D ).
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Locating a Molecule on MQN-Maps. Within each of the databases, the "locate molecule" function can be used to find the location of any molecule of choice on the MQN-map. The "locateMol" button in the main menu opens a molecule drawing window in which a molecule of choice can be either drawn or pasted as SMILES. Activating the "submit" function, which requires an active Internet connection, locates the pixel on the currently displayed map in which the molecule is located. This pixel appears blinking, and the full zoom mode is active. Note that the query molecule may or may not be present in the indicated pixel depending on whether the query is actually listed in the database. As an example, pixel (553, 609) in the ChEMBL.50 map was identified by copying the molecule from DrugBank in Figure 5A to the "locateMol" window, searching in ChEMBL.50 ( Figure 5B ). In this case the query macrocyclic lactone is not the average molecule shown for the pixel of the ChEMBL.50 map, but it can be found upon opening the pixel content as molecule no. 21 when the pixel contents are opened, together with another four diastereoisomers that are not present in DrugBank (Figure 5C/D) .
Ligand Based Virtual Screening (LBVS). The MQN-maps are projections from the 42-dimensional MQN-space. The PCplanes cover 60−85% of the data variance, resulting in a good correlation between MQN-distances in the PC-plane and in the original 42-dimensional MQN-space ( Figure 6A/B) . Nevertheless, the projection into PC-planes removes many of the fine details of the MQN-classification, and reduces the efficiency of LBVS compared to nearest-neighbor searching in the original 42-dimensional MQN-space. 38 The MQN-mapplet therefore enables LBVS in the original 42-dimensional space by linking to the MQN-browser, a previously reported application. 36 The MQN-browser is accessible by clicking on any molecule of a displayed pixel content list, and choosing the "MQN search in database" button. As an example, one can search for MQNnearest neighbors of the macrocyclic lactone selected from DrugBank in Figure 5A in the Pubchem.60 database, which reveals further analogs ( Figure 5E/F) .
Limitations of the MQN-Mapplet. The MQN-mapplet functions are constrained by the data-intensive nature of the application. To limit the overall size of the application for download (<100 MB), only seven different color-coded images are presented for each of the seven databases. Indeed each color-coded image is approximately 500 kilobytes, totaling 31 MB for the 49 images available. For the same reason only one possible PCA view was selected for each database. The application furthermore only contains the structure of the average molecule in each pixel. An active Internet connection is required to access the rest of the databases located on the application server, which amount to a total of 16 GB of compressed archive files. The Internet connection is also necessary to activate the "locate molecule" function because this function uses the ChemAxon weblicense that is only available from the application server.
Despite of the analogy of the MQN-mapplet with Google maps, the resolution of the images does not increase upon zooming. While this choice is dictated by image data size, increasing the pixel resolution in full zoom mode is not meaningful. Indeed variations in other PCs are more relevant to classify the molecules within a pixel than a further spreading in the main PC-plane. Upon opening each pixel of the MQNmapplet the molecules are displayed in the order of decreasing PC3 value, which appears as a very logical order (e.g., Figure  5D ).
One further limitation of the MQN-mapplet concerns the MQN-system itself, which is a rather coarse classification method where molecules often share the same MQN-value combination and therefore occupy the same MQN-bin. With the exception of the very small database DrugBank, this results in a power-law distribution of molecules in MQN-bins ( Figure  7A ), which induces a similar power-law distribution of molecules in the pixels of the MQN-maps, such that 50% of each database is typically contained in only 10−20% of the MQN-map pixels ( Figure 7B ). It might be possible to obtain maps with a more even distribution of molecules using a finer, higher-dimensionality classification system such as a substructure fingerprint, and producing 2-dimensional representations by applying nonlinear projection methods tailored for the visualization of multidimensional spaces as 2D-maps. 45−50 However these methods would require to compute the complete distance matrix between all molecules, which is not possible for the databases of millions of molecules presented here with currently available computational resources.
■ CONCLUSION
MQN-mapplet represents a rapid visualization tool for very large databases (for technical reasons a corresponding 3D-map viewers appears at present far too data-intensive for interactive viewing). In contrast to other database search tools, MQNmapplet does not require the definition of a query molecule to start the exploration, which may be particularly attractive for nonchemists. To our knowledge, this type of interactive exploration tool is unprecedented for very large databases such as PubChem and GDB-13 (almost one billion molecules). It can be used as an entry portal to search for interesting molecules. While the current mapplet shows a PCA projection from MQN-space, images suitable for browsing with the mapplet might be generated from other property spaces such as those described earlier by Pearlman, Oprea, Medina-Franco, and others, 21 ref 38 ), up to a maximum heavy atom count HAC = 500. Molecules were processed into SMILES removing counterions, and any duplicates were removed. Molecular quantum numbers (MQNs) were calculated using an in-house developed Java program which is utilizing Java Chemistry library (JChem) from Chemaxon, Ltd. as a starting point. 32 During MQN calculation, the ionization state of each molecule was adjusted to pH 7.4.
Principal Component Analysis. PCA of the 42-dimensional MQN space of all databases was carried out using an inhouse developed Java program, 38 utilizing some of the available mathematical functions from JSci (A science API for Java: http://jsci.sourceforge.net/) library. The Java source code is based on the tutorial of Lindsay I. Smith (http://www.cs.otago. ac.nz/cosc453/student_tutorials/princ ipal_components.pdf). MQN-Map Generation and Color-Coding. Each molecule was assigned to its plane coordinates (PC1,PC2). The largest (PC max ) and smallest (PC min ) PC values appearing in the PC1 or PC2 values were used to define the value range ΔPC = PC max − PC min and set the binning scale as ΔPC/1000. The (PC1,PC2)-plane was binned in a 1000 × 1000 grid using the same absolute bin size on the PC1 and PC2 axis. Each molecule was assigned to a bin on the PC-plane, each defining a pixel of a 1000 × 1000 pixel MQN-map. The (PC2,PC3)-plane was used for PubChem.extended, and the binning was reduced to 300 × 300 pixels for DrugBank.
MQN-maps were color coded in the HSL (hue, saturation, luminance) color space as described previously.
40 H (color) codes for the average property value in a pixel, from blue (lowest value) to magenta (highest value) via cyan−green− yellow−orange−red (intermediate values) in a continuous manner. S (gradual color fading to gray) codes for the standard deviation of the property value in the pixel, and L (brightness, fading to black) codes for the pixel occupancy (used only for the GDB maps).
Nonlinear Distortion Methods for PubChem.60 and PubChem.extended. MQN-maps of PubChem.60 and PubChem.extended were distorted to spread the area with the highest density of molecules per pixel and concentrated the sparsely populated outer regions of the MQN-maps as follows: The pixel of highest density on the MQN-map was set as (ΔPC1,ΔPC2) = (0,0). For each molecule (ΔPC1,ΔPC2) coordinates were calculated relative to this point of highest density, and new coordinates (ΔPC1′,ΔPC2′) were computed as follows: 
